The geometries, electronic structures, polarizabilities, and hyperpolarizabilities of natural dye sensitizer alizarin from madder fruit was studied based on density functional theory using the hybrid functional B3LYP. Features of the electronic absorption spectra in the visible and near-UV regions were assigned based on time--dependent density function theory calculations. The calculated results suggest three excited states with the lowest excited energies in 1,2-dihydroxy-9,10-anthraquinone and it was due to photoinduced electron transfer processes. The interfacial electron transfer between semiconductor TiO2 electrode and dye sensitizer 1,2-dihydroxy-9,10--anthraquinone is due to an electron injection process from excited dye to the semiconductor conduction band. The importance of hydroxyl group in geometries, electronic structures and spectral properties were reported.
Introduction
Converting solar energy into electricity is generally regarded as the most prospective method to solve the global energy crisis, owing to its huge reserves and pollution--free character. The commercially available solar cells are currently based on inorganic silicon semiconductors. However, their large-scale application has been limited due to the price of high-purity silicon. Organic solar cells, therefore, appear to be a highly promising and cost--eective candidate for the photovoltaic energy industry. In this context, dye-sensitized solar cells (DSSCs) have received widespread attention in recent years because of their high solar-to-electric conversion eciencies and low costs. The most successful sensitizers employed in these cells are ruthenium polypyridyl complexes; yielding conversion eciencies up to 1112% under standard global air mass 1.5 (AM 1.5) sunlight [13] . However, Ru-based dyes are not yet suitable for a large scale DSSCs due to expensive cost of Ru complex compounds and toxicity to environment.
A class of anthraquinone based dyes is interesting to theoretical study as photosensitizer for DSSC. Calculation of the excited state oxidation potential energy as well as electron injection relative to TiO 2 conduction band edge is not important only for interpretation of photovoltaic data but also for seeking, too, a new photosensitizer with more suitable electronic property [4] . To investigate the electronic and optical properties, the most favorite method, density functional theory (DFT) is the method of choice according to an accurately described and less computational cost in comparison to other high-* corresponding author; e-mail: anbarasanpm@gmail.com -level quantum approaches.
Time-dependent DFT (TDDFT) has been widely used to investigate excited state property because the high accuracy is reasonable to correlate with ab initio method but less computational cost [58] . In this work, the electronic structure and optical properties, electronic transition, oxidation potential energy, and electron injection force relevant to charge transfer of the anthraquinone dye were investigated using DFT and TDDFT with computational methods were reported. TDDFT method has been widely used to investigate the electronic, optical properties, and the excited state property because of the high accuracy [911] .
Recently, Marrocchi et al. (2010) reported the synthesis of a series of anthracene containing semiconductors. Anthracene derivatives may exhibit large charge carrier mobility and excellent stability [1217] . To the best of our knowledge, a systematic theoretical study of such compounds has not been reported. The quantum chemical investigation has been performed to explore the optical and electronic properties of a series of dierent compounds based on anthracene [18] . Dierent electron side groups were introduced to investigate their eects on the electronic structure. The theoretical knowledge of the HOMO and LUMO energy levels of the dye components is helpful to understand the eciency of organic solar cells and also useful to synthesis of new ecient dye molecules for DSSC.
In the present paper, we report the changes of the electronic structure and optical properties of 1,2-dihydroxy--9,10-anthraquinone (alizarin) induced by an external electric eld. Their geometry in each eld was then optimized by DFT, B3LYP, and the 6-311G(d) basis set. All chemical quantum calculations were carried out with the Gaussian09 program package.
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Material and methods
The alizarin (1,2-dihydroxy-9,10-anthraquinone) was obtained from Alpha industry Chemical Company, India, with a purity of greater than 99% and was used as such without further purications.
Computational method
All computational calculations were performed in vacuum, using Gaussian 09 software package, at the B3LYP/ 6-311+G(d,p) level of theory. Six dierent in-plane conformations of alizarin were identied and investigated [19, 20] . The dierences between conformations are in the OH group's orientation at C1, C9, and C10 atoms. The obtained geometries were veried and found to be minima on the potential energy surface by normal mode frequencies. Transitions to the lowest excited singlet electronic states of alizarin were computed by using the TDDFT--B3LYP procedure. The inuence of acetonitrile as solvent upon the electronic transitions was approximated by the polarized continuum model PCM. UVVis spectral analysis was performed using Chem Craft 1.5, and Gauss sum.
Results and discussion

Geometric structure
The optimized geometry of the molecule is shown in Fig. 1 , and the bond lengths, bond angles are listed in Table I .
UVVis spectral measurements
To verify the geometry obtained by the DFT method, detailed analysis of the experimental and theoretical UV Vis spectra were performed. The experimental spectra of UVVis transmission and absorption spectra are presented in Fig. 2 . The maximum band for which calculated value is 4500 nm corresponds to the experimental value of 482 nm. This is essentially a highly occupiedlowly unoccupied molecular orbital (HOMOLUMO) transition, involving excitation from n to π * . It was indicated that the transition is associated with signicant charge-transfer that characterize the color bands in related compounds, such as alizarin and rst strong UVVis band of the parent anthraquinone chromophore [21, 22] . 
IR and Raman spectral analysis
The Fourier transform infrared (FT-IR) spectrum of 1,2-dihydroxy-9,10-anthraquinone was recorded in the region 4004000 cm −1 on IFS 66V Spectrometer using KBr pellet technique. The FT-Raman and FT-IR simulated spectra along with observed spectrum of FT-IR are given in Figs. 35, respectively. Vibrational wave numbers obtained at B3LYP/6-31G(d,p) method [harmonic frequency (cm −1 ), IR intensity (K mmol −1 ), Raman intensity (arb.u.)] are shown in Table I . The selected bond lengths (in Å), bond angles (in degree) for 1,2-dihydroxy--9,10-anthraquinone are shown in Table II . 
Discussion
Usually the band around 3802 cm −1 is assigned to OH stretching vibrations. In line with the above conclusion, the bands at 3070 and 3050 cm 
Electronic absorption spectra and sensitized mechanism
Many organic molecules that contain conjugated π electrons are characterized by hyperpolarizabilities and were analyzed by means of vibrational spectroscopy. In most cases even in the absence of inversion symmetry, the strongest bands in the Raman spectrum is weak in their spectrum and vice versa. Then n → π * electron shift from the donor to acceptor can make the molecule highly polarized through the single-double bond path when it changes from the ground state to rst excited state. The analysis of wave function indicates that the electronic absorption and the transition from the ground state to rst excited state is mainly described by one electron excitation from the highest occupied molecular orbital to the lowest unoccupied molecular orbital. Figure 6 shows the frontier molecular orbital energies and corresponding density of state (DOS) spectrum of 1,2-dihydroxy-9,10--anthraquinone. The calculated UVVis spectra analysis of 1,2-dihydroxy-9,10-anthraquinone in acetonitrile at TD-DFT (6-311+G(d,p) ) shows that the maximum absorption wavelength of 449.6 nm corresponds to the electronic transition between n → π * transition (Fig. 7) . In order to obtain the microscopic information about the electronic transitions the corresponding molecular properties are checked [28] . According to B3LYP/6-311+G(d,p) calculation, the energy gap (∆E) transition from HOMO to LUMO of the molecule is about 3.13 eV. The highest occupied molecular orbitals are localized mainly on the ring. The absorption in visible and near UV-region are most important for photo-to-current conversion, so only the HOMO → LUMO transitions of absorption band in visible-near UV region are listed in Table III . This indicates that the transitions are photoinduced charge transfer processes, thus the excitations generate charge separated states which favor the electron injection from the excited dye state to semiconductor surface.
The solar energy to electricity conversion eciency (η)
× 100.
According to the sensitized mechanism single electron and single state approximation there is energy relationship. So the V oc may be obtained applying the formula V oc = (E LUMO − E CB )/e. J sc , V oc , and are only obtained by experiment, the relationship among these quantities and the electronic structure of dye is still unknown. According to the sensitized mechanism (electron injected from the excited dyes to the semiconductor conduction band) and single electron and single state approximation, there is an energy relationship. The J sc is determined by two processes, one is the rate of electron injection from the excited dyes to the conduction band of semiconductor, and the other is the rate of redox between the excited dyes and electrolyte. This indicates that most of excited states of 1,2-dihydroxy-9,10-anthraquinone have larger absorption coecient, and then with shorter life time for the excited states, so it results in the higher electron injection rate which leads to the larger J sc of 1,2-dihydroxy-9,10-anthraquinone. 
The light harvesting eciency
Light harvesting eciency (LHE) is the eciency of dye response to light. It is another factor which indicates the eciency of DSSC. The LHE of the dye should be as high as feasible to maximize the photocurrent response. Higher oscillator strength of new designed sensitizer is due to better π-conjugation. The calculated value of the LHE of the main absorption peaks with the oscillator strength is reported in Table III . The dyes will convert more light to electrical energy. Only the transitions with considerable oscillator strengths are given. The electron distribution of the HOMO orbital is delocalized on the π-system with the maximum electron density present on the benzene rings and quinone in all new designed sensitizers. It should be noted that the LUMO orbitals have highest compositions on anchoring group and benzene ring of the acceptor side in all new designed sensitizers. Therefore, electrons will move from donor to acceptor during the HOMOLUMO excitation resulting by light absorption [29, 30] . Figure 8 shows that the isodensity plots (isodensity contour = 0.02 a.u.) of the frontier or-bitals of the dye 1,2-dihydroxy-9,10-anthraquinone corresponding orbital energies. 
NLO Properties
The interactions of electromagnetic radiation in some molecules can give a non-linear optical (NLO) eect which shows some alterations in phase, frequency, and amplitude from the incident eld. NLO is an important concept in current research scenario because of its vast applications to telecommunications, optical switch, and signal processing. This means that polarizability, the total static dipole moment (µ) and the rst order hyperpolarizability are calculated by using x, y, z components. Theoretical calculation provides another method to investigate substantial characters of materials. As hyperpolarizability is dicult to measure directly, computational calculation is an alternate choice. The rst order hyperpolarizability of title molecular system and related properties are calculated using B3LYP/6-31+G(d,p) basis set, based on the nite eld approach. In the presence of an applied electric eld, the energy of a system is a function of the electric eld. First order hyperpolarizability is a third rank tensor that can be described by a 3 × 3 × 3 matrix. The 27 components of the 3D matrix can be reduced to 10 components due to the Kleinman symmetry [31] . It can be given in the lower tetrahedral format. It is obvious that the lower part of 3 × 3 × 3 matrices is a tetrahedral.
The total static dipole moment and the mean rst order hyperpolarizability, using the x, y, z components, they are dened as
1/2 . To complete equation for calculating the rst GAUSSIAN 03W output is given as β total = ((β xxx +β xyy +β xzz ) 2 +(β yyy + β yzz + β yxx ) 2 + (β zzz + β zxx + β zyy ) 2 . The total molecular dipole moment and mean rst hyperpolarizability are found to be 1.6845 D and 3.5724 × 10 −30 esu respectively and are shown in Tables IV and V. The connection between the electric dipole moments of an organic molecule having donoracceptor substituent and rst order hyperpolarizability is widely recognized in the literature [32] . 
Hyperpolarizability (β) and crystal cell parameter
The components of rst order hyperpolarizability and the crystal parameters of the title compound are reported in Tables IV and V. The rst order hyperpolarizability of 1,2-dihydroxy-9,10-anthraquinone is 2.7309 × 10 −30 esu which is 9 times greater than urea (β = 0.3727 × 10 −30 esu) which shows that it has NLO property. The crystal structure is determined in DFT using PBC calculation. The crystal symmetry conrms that the material has non-centrosymmetric structure as shown in Fig. 9 . 
Conclusion
The geometries, electronic structures, polarizabilities and hyperpolarizabilities of dye alizarin were studied by using density functional theory with hybrid functional B3LYP, and the UVVis spectra were investigated by using TDDFT methods. The NBO results suggest that 1,2-dihydroxy-9,10-anthraquinone is a (D-p-A) system. The calculated isotropic polarizability of 1,2-dihydroxy--9,10-anthraquinone is 3.5724 × 10 −30 esu. The calculated hyperpolarizability anisotropy invariant is 2.7309 × 10 −30 esu. The electronic absorption spectral features in visible and near-UV region were assigned based on the qualitative agreement to TDDFT calculations. The absorptions were all described to n → π * transition. The three excited states with the lowest excited energies of 1,2-dihydroxy-9,10-anthraquinone is photoinduced electron transfer processes that contributes sensitization of photocurrent conversion processes.
The interfacial electron transfer between semiconductor TiO 2 electrode and dye sensitizer 1,2-dihydroxy--9,10-anthraquinone is due to electron injection process from excited dye as donor to the semiconductor conduction band. Based on the analysis of geometries, electronic structures and spectrum properties of 1,2-dihydroxy-9,10-anthraquinone, the role of quinone in 1,2-dihydroxy-9,10-anthraquinone is as follows: it enlarges the distance between electron donor group and semiconductor surface and decreases the timescale of the electron injection rate, giving in result lower conversion eciency. This indicates that the choice of the appropriate conjugate bridge in dye sensitizer is very important to improve the performance of DSSC.
